Bursts from soft gamma repeaters (SGRs) have been shown to be superEddington by a factor of 1000 and have been persuasively associated with compact objects. Super-Eddington radiation transfer on the surface of a strongly magnetic ( 10 13 gauss) neutron star is studied and related to the observational constraints on SGRs. In strong magnetic elds, Thompson scattering is suppressed in one polarization state, so super-Eddington uxes can be radiated while the plasma remains in hydrostatic equilibrium. We discuss a model which o ers a somewhat natural explanation for the observation that the energy spectra of bursts with varying intensity are similar. The radiation produced is found to be linearly polarized to 1 part in 1000 in a direction determined by the local magnetic eld, and intensity variations between bursts are understood as a change in the radiating area on the source. The net polarization is inversely correlated with burst intensity. Further, it is shown that for radiation transfer calculations in limit of super-strong magnetic elds it is su cient to solve the radiation transfer equations for the low opacity state rather than the coupled equations for both. With this approximation, standard stellar atmosphere techniques are utilized to calculate the model energy spectrum.
Introduction
Soft gamma repeaters (SGRs) are a class of super-Eddington, repeating, high energy transients. The rst repeating soft gamma-ray bursts were recognized in the early eighties: SGR0525-66, (Mazets & Golenetskii 1981) and SGR1900+14 (Mazets, Golenetskii, & Guryan 1979 ). The discovery of over 100 repetitions of a third repeater, SGR1806-20 (Laros et al. 1987; Atteia et al. 1987 ; cataloged in Ulmer et al. 1993) , secured the claim that SGRs are a rare class of transients distinct from other high energy transients such as x-ray or gamma-ray bursts. Kouvelioutou et al. (1993 Kouvelioutou et al. ( , 1994 recently observed additional repetitions from the sources SGR1900+14 and SGR1806-20 with BATSE. Properties of SGRs are discussed in Norris et al. (1991) and Fenimore, Laros, and Ulmer (1994) . Evidence favors population I, compact objects as the sources (e.g. Murakami et al. 1994) .
The distance to the supernova remnant of SGR1806-20 has been estimated to be 17 kpc but can have errors as large as a factor of 3 (Kulkarni & Frail 1993, hereafter KF) . Fenimore, Laros, & Ulmer (1994, hereafter FLU) , nd that the x-ray spectrum of the bursts from SGR1806-20 has a sharp rollover below 15 keV and can estimate the total ux of an individual burst. A lower bound on the ux for the brightest events, assuming a distance of 5 kpc, is 1:6 10 41 erg sec ?1 , 2 10 3 times the Eddington limit for a neutron star, and at 17 kpc, 2 10 4 . The repeating bursts from the LMC source, SGR0525-66, were also super-Eddington by a large factor of 1 ? 2 10 4 . While the intensity of the individual bursts from SGR1806-20 has been detected to vary by a factor of 50 (Laros, et al. 1987) , the shape of the energy spectrum is remarkably constant above 30 keV and appears to be so at lower energies, too (FLU). Therefore, the main points that need to be addressed in any radiation mechanism are that in the context of compact objects the mechanism operate at highly super-Eddington uxes, that it produce a low-energy roll-over, and that it produce a similar spectral shape over a wide range of intensities. 
Super-Eddington Fluxes
Super-Eddington uxes from a compact objects have been addressed in only a few di erent ways. The Eddington ux is given by L E 4 GMm H c= T h erg sec ?1
( 1) where M is the mass of the star, m H is the proton mass, and T h is the Thompson cross section. In general, there are three paths to tread with regard to the super-Eddington ux problem: (1) the cross-section is reduced so seemingly super-Eddington uxes can be radiated while maintaining hydrostatic equilibrium (2) the restraining force on the matter is increased above that of gravity alone, e.g. by magnetic pressure, or (3) the matter is blown away at relativistic speeds, and a \ reball" is formed.
The rst scenario, on which we later elaborate, was considered in reference to x-ray bursts (Ayasli & Joss, 1985) and in reference to SGRs by Paczy nski (1992), who observed that super-Eddington uxes may occur in super strong magnetic elds (e.g. Thompson & Duncan 1993a ) where the Thompson cross-section is suppressed in one polarization state (Herold 1979) . The work here extends these ideas in that the polarization states are considered separately, scattering processes between states are investigated, radiative pressure transfer equations are presented, a simple, novel method for calculating the emergent spectrum is found, and, the model is related to current observations which show a spectral roll-over and show near constant hardness ratios between events.
The second scenario has been considered with respect to gamma-ray burst (GRB) models (e.g. Lamb 1982 ) and generally relies on magnetic pressure to con ne the plasma. For Planckian emission, the requisite eld is B 12 > (T=170 keV) 2 . Although, SGR temperatures are low enough that magnetic pressure dominates the radiation pressure, magnetic pressure acts perpendicular to the magnetic eld, so plasma is free to move along { 5 { eld lines and will at great speed unless the magnetic eld is perpendicular to the ux. Closed eld line geometries are required. For dipole elds, the combination of the radiation and magnetic pressures will tend to slide the radiating plasma towards the equator and away from the star where the magnetic eld is weaker. Such e ects permit a smaller region to radiate and concentrate the matter at the weakest point in the magnetic elds.
Finally, though never seriously considered in the context of SGRs, many reball models of GRBs can produce super-Eddington uxes. Di culties in adapting the reball ideas to SGRs occur because photon energies are strongly peaked, quite low, and relatively uniform. Over a large range of burst intensities, the hardness ratio is relatively constant. For a thermal reball model, the area of the reball must change while maintaining a near constant temperature for di erent bursts. Further, parameters need to be somewhat nely tuned in order that the energy emerge from a reball in radiative rather than kinetic energy (Rees & M ez aros 1992) .
Model of Radiation Transfer
As discussed above, a radiation mechanism for SGRs must address the super-Eddington ux problem, provide a strong roll-over in the data, and produce a range of intensities with near constant energy spectrum. If the sources for soft gamma-ray bursts are neutron stars with magnetic elds 10 13 ? 10 14 gauss, then all of these conditions can be met.
In particular, hydrostatic equilibrium can be maintained as a result of a magnetically suppressed cross-section. A sharp rollover results from the self absorption of the radiating plasma and the frequency dependent opacities. If the size of radiating surface varies, a range of intensities can be generated. Such variations may be produced by the deposit of a characteristic energy density below the surface which may occur during glitches or starquakes (e.g. Epstein 1992 and references therein). The surface temperature produced { 6 { by such an energy release would be a weak function of the depth of release, so that only a small range of surface temperatures would be observed, in accord with observations. The energy is assumed released at large optical depth which occurs for a neutron star at about a centimeter below the surface.
In strong magnetic elds, photon propagation is a strong function of polarization state (e.g. Herold 1979) . Motion of electrons is restricted perpendicular to the magnetic eld, so the Thompson cross-section for photons with linear polarization E ? to the magnetic eld direction (with the photon electric eld plane perpendicular to the stellar magnetic eld direction) is reduced relative to the normal cross-section:
where ! is the photon frequency, ! B 10B 12 keV is the electron cyclotron frequency and is the angle between the magnetic eld and the Poynting vector (Herold 1979 ). This equation is a good approximation when ! B > ! > ! B =1836, the proton cyclotron frequency.
In superstrong magnetic elds, ! B =! Te 20 ? 200 where, ! Te corresponds to the e ective temperature of soft gamma-ray bursts (5-10 keV). In this regime, there is also a simple relation between di erential cross-sections:
(?!?) Figure 1 shows a schematic of the radiation transfer in these circumstances. Due to the lower cross section in the E ? state, energy is transferred primarily in this state. Occasionally, a photon scatters between states as shown by eq. 4. Because of the short timescales on neutron star surfaces (light crossing time of 0.1 milliseconds and Alfv en speed order c) and the comparatively long durations of soft gamma-ray bursts ( 0:5 seconds), both matter and radiation have time to achieve local thermal equilibrium. An additional requirement for LTE is a photon generating radiation process which is not met by the scattering processes alone. There are many second order photon production processes such as double Compton scattering, proton cyclotron emission, one-dimensional thermal bremsstrahlung, and photon splitting which may be important to SGRs (Thompson & Duncan 1993b) . If photon splitting is important, the energy transfer derived herein would not be modi ed, as the e ect would still only manifest itself after photons have traveled long distances (compared to 1 cm), although the nal energy spectrum may be altered.
With the justi cations above, we assume the system is in LTE, and the energy in the system is transferred primarily in the E ? state. The energy transfer can be quanti ed by examining the ux in the di usion limit (e.g. Mihalas 1978 ):
where is the cross-section. In LTE, the ratio of the uxes is given by
2 10 3 ? 10 4 ;
so the emergent radiation will be strongly polarized as suggested by FLU. Radiation pressure goes as the integral of F , therefore, the pressure from the E ? state photons is equal to that of the E k state. The sum of the pressures is less than in a non-magnetized system by 0:5(! B =!) 2 , so the e ective Eddington limit is much higher (Paczy nski 1992).
To calculate the emergent energy spectrum from a highly magnetized source, it su ces to follow the radiation in the low opacity state. The cross section in the E ? state can be separated into a scattering component where the photon scatters into the E ? state and an absorption component, where the photon scatters into the E k state. The di erential cross sections in the E k states (Eq. 4) are such that a photon scatters numerous times within the high opacity state, thermalizes due to the photon production processes described above, and scatters back into into the low opacity state. Double Compton scattering likely { 8 { plays the dominate role in the thermalization because it is expected to be 1=137 times smaller than the magnetically suppressed Thompson cross-section of Eq. 2 and a photon will scatter a thousands of times before scattering out of the high opacity state.
Model Calculations and Results
With the model described above, the energy spectrum can be calculated with regard only to the low opacity polarization state. The problem reduces to the calculation of an unpolarized stellar atmosphere with scattering and absorption determined by the suppressed Thompson scattering relations. Because the cross-section is a smooth function of frequency and scattering and absorption are comparable, there are many extant methods for calculating the emergent spectra. Here, an iterative solution to the one-dimensional radiation transfer equation is utilized (e.g. Mihalas 1978 (6-1)), and conservation of ux is met to within 2 percent by iteratively correcting the temperature as a function of optical depth using a procedure developed by Lucy (Lucy 1964; Mihalas 1978 (7-2) ). The use of angle averaged quantities in general is a good approximation; the scattering/absorption ratio (Eq. 4) is angle independent. The magnetic eld direction introduces a small angular anisotropy in the cross-sections, for which future calculations should account.
The spectrum resulting from solving the transfer equations is shown in gure 2. The emergent ux is strongly altered from a blackbody or a greybody. The peak ux occurs at twice the e ective temperature (2/3 that of a blackbody). The spectrum is primarily a function of T e . There is a much weaker dependence on ! B =! (100 in gure 2) when the ratio is in the range of 20-200 since this primarily scales the cross-section without changing its shape. Therefore, the spectral shape is a good approximation over a range of ! b =!.
Using the spectrum obtained from the radiation transfer model, the radiation pressure 
where B is the Stefan-Boltzmann constant. In the di usion limit, where the radiation pressure will be greatest, the high opacity state contributes the same radiation pressure as the low opacity. Therefore, the Eddington limit in this regime is (1=5:8)(! Te =! B ) 2 60 ? 6000 L Edd .
Discussion
Using the spectral shape derived above, the radiating area of the source can be estimated. For the events from SGR1806-20 for which complete x-ray spectra were determined (FLU), the peak ux occurs between about 10 and 20 keV. The e ective temperature is found to be half of the frequency of peak ux, so the projected active source area for the brightest burst from SGR1806-20 is 
where the uncertainties in T e and D let the area range by a factor of 20 in either direction.
The maximum projected radiating area for a neutron star is r 2 300 km, which is well within the error bars on the determined area. However, if the distance is much greater than 10 kpc and the e ective temperature is less than about 10 kev, it may be di cult to reconcile the model with observations. Blackbody models would require even larger areas ( 5 ? 10) because for a blackbody, T e T peak =3. One obtains similar results for the bursts from SGR0525-66. The distance to this source is known with some certainty to be about 55 kpc. Yet, there were no x-ray observations below 30 keV, so it is not possible to determine at what energy the peak ux occurs for this burster.
{ 10 { The radiation transfer model o ers a natural explanation for the similarity between spectra of bursts with di erent intensities. If a characteristic energy density, or temperature, is deposited at large optical depth within the star the resulting surface temperature would only be a weak function of . At large optical depth, temperature relation for the grey atmosphere becomes a good approximation, so T 4 = 0:75T 4 e + q( )], where q( ) is a number of order unity. The equation shows that for releases of constant energy density, where T is constant, the e ective surface temperature goes as the fourth root of the optical depth of release, . As Thompson & Duncan (1993b) observed, the opacity rises with temperature and therefore with . If the energy is released quite deep in the crust, the radiation pressure may be higher than the Eddington limit if, for example, the typical temperature is near the electron cyclotron energy. At such large optical depth, pressure from the matter above could o er a su cient restraining force to prevent expansion.
Beyond meeting the current observational constraints, this radiation transfer model predicts that SGR bursts should be locally linearly polarized to 1 part in 1000, since the ux is dominated by the low opacity state. Polarization may then be a function of burst intensity, since the destruction of the polarization by the global structure of the magnetic eld be more apparent for larger intensities and areas. Second, if the variations in intensity of the soft gamma-ray bursts are a result of varying sizes the \active" region, then there should be a critical intensity reached when the entire source is active. I thank R. I. Epstein, E. E. Fenimore, and B. Paczy nski for helpful discussions. This work was supported by NASA Grant NAG5-1901.
This manuscript was prepared with the AAS L A T E X macros v3.0. { 13 { Fig. 1 .| This schematic illustrates the major properties of the radiation transfer in a strongly magnetized medium. The electron scattering cross-sections for photons di er by about a factor of 1000 between the two photon polarization states E ? and E k (plane of the photon electric eld perpendicular or parallel to the magnetic eld direction). Consequently, the ux in the low opacity, E ? state is much higher, and one can see much deeper into the star in this state. Fig. 2 .| The energy spectra produced in a strongly magnetized stellar atmosphere is compared to a blackbody. The spectra produced by the strongly magnetized plasma peaks at a lower frequency and has a slightly faster fall o at high energies. The shift to lower energies is produced because the cross-section goes as the square of the frequency, so that at low frequencies the cross-section is lower, and one can see farther into the source where the temperatures are higher. 
